Abstract: Relationship between refractive index change and Ti concentration in bulk Tidoped congruent LiNbO 3 crystal is studied. A series of bulk Ti-doped congruent LiNbO 3 crystals with different Ti concentrations up to 12 mol% in crystal were grown. The Ti concentration in crystal was determined by neutron activation analysis. The results show that the distribution coefficient k eff of Ti ions varies within 0.47-0.74 and there exists a transition region near 6.0 mol%, below which the k eff varies within 0.47-0.56 and above which the k eff steps up to 0.74. The ordinary and extraordinary refractive indices of the crystals were measured and correlated with Ti concentration. The results show that the ordinary/ extraordinary index change and Ti concentration follow an exponential/linear relationship, which is similar to that of congruent Ti:LiNbO 3 waveguide but different from that of either Ti-doped near-stoichiometric bulk material or waveguide. It is concluded that the relationship changes with material composition but does not change from bulk material to waveguide structure.
Introduction
Ti-diffused LiNbO 3 (Ti:LN) waveguide is a fundamental component of various LN-based passive and active waveguide devices. Besides excellent electro-optic, acousto-optic, and nonlinear properties of the crystal itself, the waveguide is also of some other merits such as lower waveguide loss, higher thermal, electric and chemical stabilities, easily realizing rare-earth doping, retained crystalline phase, and, hence, electro-optic property. Local Ti 4þ doping in LN crystal results in refractive index increase and, hence, formation of optical waveguide. From the viewpoint of application, it is crucial to know the relation of Ti-induced index increase to Ti concentration. The knowledge is already known for the waveguide structure including conventional congruent Ti:LN waveguide [1] , [2] and near-stoichiometric (NS) Mg-doped Ti:LN waveguide [3] . For the conventional congruent Ti:LN waveguide, the ordinary refractive index increase Án o has an approximately square-root dependence on the Ti concentration [1] , [2] . For the extraordinary refractive index increase Án e , slightly different relationships were reported. Fouchet et al. [1] reported a near-linear relation, while Strake et al. [2] reported a strictly linear relation to Ti concentration. A saturation tendency is observed for high concentration [4] . For the NS Mg-doped Ti:LN waveguide, both Án o and Án e reveal a linear relation to Ti concentration [3] . This is also the case for the NS bulk material [5] . The knowledge is not yet complete for the Ti-doped congruent bulk material. In 1978, Minakata et al. [6] have reported the linear relationship for both Án o and Án e in the bulk Ti-doped congruent LN. Unfortunately, due to the difficulty in growth of highly Ti-doped crystal, the Ti concentration that they studied is only up to 1 Â 10 20 cm À3 . The knowledge for high Ti concentration is absent. It has been shown that the Ti-induced index increase depends on more than just the Ti concentration. Many other factors, such as strain, enhanced electronic polarizability, and photoelastic effect, may contribute to it [1] , [7] , [8] . The ion arrangement during crystal growth may be different from that during in-diffusion, for which the lattice is already present. Due to these reasons, it is unclear what a relation the Án o and Án e in the bulk Ti-doped congruent LN follow to the Ti concentration in the case of high Ti concentration. It is essential to carry out an independent study. This paper aims at this aspect of study. A series of bulk Ti-doped congruent LN crystals with different doping concentrations in the crystal, up to 22 Â 10 20 cm À3 , were grown. The Ti concentration in crystal was determined by neutron activation analysis (NAA). The Ti-induced refractive index change was measured by prism coupling technique and correlated with the Ti concentration. The results are compared with previously reported results of congruent and NS Ti:LN bulk material and waveguide structure.
Crystal Growth and Characterization
By using the method of top-seeded solution and low pulling speed, a series of Ti-doped LN crystals used for this paper were pulled in air from the congruent melts containing different TiO 2 concentrations of 1. 12 n Á cm À2 Á s À1 . The irradiation time was 1 min. To minimize the radioactivity background, the samples were transferred to a new counting vial after irradiation. The cooling time is 5-20 min. The counting time is 300 s. The -spectra of the neutron-irradiated samples were measured with a high-purity Ge gamma-ray spectrometer equipped with a computercontrolled EG&G Ortec multichannel analyzer. The energy resolution of the detector was 1.96 keV for the 1332-keV peak of 60 Co and its relative detection efficiency is 25%. Element contents were calculated by a comparative method.
The refractive indices of studied crystals were measured at the wavelengths of 473, 633, and 1536 nm using a commercial Metricon 2010 prism coupler, which has a working principle of measurement on critical angle of total reflection [9] . Note that the refractive index measured by this method should be the value at the crystal surface because the total reflection takes place there. For a Y-cut plate, it is convenient to choose a transverse magnetic/electric polarization scheme to measure the ordinary/extraordinary index. For each sample, the refractive indices at ten different positions of crystal surface were measured, and at each position, the measurement was repeated two times. The refractive index value given for each sample is the averaged result. All of the measurements were carried out at 25 C. The error of refractive index is within 1 Â 10 À3 .
Results and Discussion
First of all, let us pay attention to the Ti concentration in crystal as a function of that doped in the growth melt, as well as the effective distribution coefficient of Ti ion. Fig. 1(a) Fig. 1(b) that there exists a transition region near 11 mol% in melt, i.e., $6 mol% in crystal. Below 11 mol%, the k eff value varies within (0.47-0.56) AE 0.02, which is in good agreement with the previously reported results, 0.5 AE 0.1 [6] and 0.45 AE 0.1 [9] for the bulk Ti-doped congruent LN with a doping concentration in crystal up to $2 mol%, and 0.45 AE 0.05 [5] for the NS bulk Ti-doped LN crystal with a doping concentration in crystal up to 9.5 mol%. Above 11 mol%, one can see from Fig. 1(b) that the k eff abruptly jumps up to the value of 0.74 AE 0.02. A similar feature is also observed for the NS bulk Ti-doped LN crystal, for which the k eff value abruptly jumps from $0.4 to $0.5 as the Ti concentration in crystal (melt) passes a similar Ti-concentration value $11 mol% [5] .
With the known Ti concentrations in the crystals and the measured refractive index values, one can establish the relationship between the Ti concentration and Ti-induced refractive index increment relative to the index of undoped congruent LN, which has a value of 2.212/2.137, 2.286/ 2.202, and 2.359/2.265 for the ordinary/extraordinary ray at the wavelengths of 1536, 633, and 473 nm, respectively. concentration. At the lower Ti concentration (G 1.5 mol%), the Án o is larger than the Án e . As the Ti concentration is increased, a reversed behavior is observed. It is essential to compare these features of bulk doped congruent material with previously reported results of congruent and NS Ti: LN waveguide structure and bulk material. The comparisons are given below.
Comparison With the Previously Reported Result of Congruent Ti:LN Bulk Material
As reviewed in the introduction part, Minakata et al. have also studied the bulk Ti-doped congruent material [6] . But the maximum doping concentration that they considered is too low, only 1 Â 10 20 cm À3 ($0.54 mol%). A linear dependence for both cases of Án o and Án e was reported. The feature of Án e is consistent with present result, while that of Án o is inconsistent with present result perhaps because the maximum doping concentration they considered is too low.
Comparison With the Results of NS Ti:LN Waveguide Structure and Bulk Material
For the NS Mg-doped Ti:LN waveguide fabricated by direct Ti-diffusion in an NS Mg-doped LN plate, both Án o and Án e have a linear relation to the Ti concentration [3] . This is also the case for the bulk Ti-doped NS LN, for which the linearity retains for a Ti concentration at least 17 Â 10 20 cm À3 ($9.2 mol%) [5] . So, for both the NS waveguide structure and bulk material, the feature of Án e is similar to while that of Án o is considerably inconsistent with the present result of bulk Ti-doped congruent material.
Comparison With the Result of Congruent Ti:LN Waveguide Structure
In comparison with the conventional congruent Ti:LN waveguide, the bulk material show some similarities and differences in the features of relationship. As reviewed in the introduction part, for the conventional congruent Ti:LN waveguide, the Án o reveals an approximately square-root dependence on the Ti concentration with a power index o ¼ 0:53 [1] or 0.55 [2] . A similar relationship is also obtained for the bulk material. The red curves in Fig. 2 represent the best exponential fits to the experimental data. The fits yield a power index o ¼ 0:52, which is in excellent agreement with the results of waveguide structure, 0.53 reported by Fouchet et al. [1] and 0.55 by Strake et al. [2] . For the Án e , slightly different relationships were reported for the waveguide structure. Fouchet et al.
[1] reported a near-linear dependence with a power index e ¼ 0:83, while Strake et al. [2] reported a strictly linear relationship. The present result of bulk material is closer to the result of Strake et al. [2] . The green lines in Fig. 2 represent the best linear fits to the experimental data. In addition, further study of Caccavale et al. on the congruent waveguide [4] showed that the approximately square-root or strictly linear relationships retain only for a surface Ti concentration below 12 Â 10 20 cm À3 ($6.5 mol%). Higher than 20 Â 10 20 cm À3 ($11 mol%), saturation phenomenon takes place for both cases of Án o and Án e . As shown in Fig. 2 , both Án o and Án e do not saturate for the Ti concentration up to 12 mol%.
In words, the result of congruent bulk material is closer to that of congruent waveguide structure reported by Strake et al. [2] . The saturation phenomenon does not take place for the congruent bulk material. It is presumed in the introduction part that, besides the Ti concentration, some other factors may also contribute to the index increase and hence results in nonlinear relation to the Ti concentration. These include the strain induced by Ti doping, the enhancement of electronic polarizability due to difference of Li and Ti electronic polarizability, and the photoelastic effect due to lattice contraction. From bulk material to waveguide structure, the ion arrangement during crystal growth may be different from that during Ti in-diffusion, for which the lattice is already present. One or all of these factors may contribute to the index increase. Accordingly, the relationships between Án o;e and Ti concentration may be different from the bulk material to the waveguide structure. However, this paper shows that the relationships between Án o;e and Ti concentration are similar for both cases of bulk material and waveguide structure. Thus, the contributions of aforementioned factors to the index increase do not change from the bulk material to the waveguide structure. This argument is further supported by comparing the relationships of NS bulk material and waveguide structure. As described above, the relationships between Án o;e and Ti concentration are also similar for the bulk material and waveguide structure as the composition is close to the stoichiometry. On the other hand, the contributions from aforementioned factors, such as the photoelastic effect [5] , may change from the congruent to the NS material because the relationship between Án o;e and Ti concentration changes as the composition goes from the congruent point to the NS composition whether for the bulk material or for the waveguide structure.
Conclusion
We have demonstrated the relationship between refractive index change and Ti concentration in congruent LN crystal homogeneously doped with a concentration up to 12 mol%. The results show that the ordinary index change and Ti concentration follow an exponential relationship with a power index of 0.52, while the extraordinary index change and Ti concentration obey to a linear relationship. These relationships of bulk doped congruent material are similar to those of congruent waveguide structure but different from those of either homogeneously Ti-doped NS bulk material or NS waveguide structure, for which not only the extraordinary index change but also the ordinary index change reveals a linear relationship to the Ti concentration. A comparison of results of congruent and NS waveguide structure/bulk material enables to conclude that the relationship changes with the material composition while not changing from bulk material to waveguide structure. In addition, in the aspect of crystal growth, the distribution coefficient of Ti varies within 0.47-0.74, and there exists a transition region near 11 mol% in melt, below which the distribution coefficient varies within 0.47-0.56 and above which suddenly steps up to the value of 0.74.
